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SI-A. Data relevant for Born Haber cycles

Table SI-1A. Born Haber cycle parameters and estimated “experimental” enthalpies (AH" xn, mp2) for M~
+ CO, —» MO™ + CO in kJ/mol. Experimental AH"r (M(g)), AH ¢ (MO(g)), AH’s (CO2(g)) and AH"¢
(CO(g)) retrieved from thermochemical tables (NIST-JANAF).! Computational adiabatic electron
affinities (EAwmp2) and bond dissociation (ZPE + EE) energies (BDEwmp2) from the [MP2/def2-TZVPPD]
level of theory. Values from or based exclusively on literature, computational and experimental, in bold.
Estimates based on a combination of literature values and MP2 calculations in normal text.

Li Na K Rb Cs BeCl MgCl CaCl SrCl BaCl
AH'1, 298k (M(Z)) 159.3  107.5 89.0 80.9 76.5 60.7 —-43.5 -104.6 -123.8 -142.3

AH’t, 0k (M(g)) 157.7 | 107.5 89.9 82.2 78.0
EAmp2(M) 9.1 223 23.8 26.2 28.0 85.7 125.0 101.1 99.6 83.2
EA(M) 60 ¢ 53"h 48 461 46k 153.3!
AHt mr2(M(g))* 150.2 85.2 65.2 54.7 485 250  -1685 2057 —2234 2255
AH’s,208x (M7(g))"® 99.3 54.5 41 349 30.5 -196.8

AH’t, 0k (M7(g))* 97.7 545 419 36.2 32.0

AH’s, 298 (MO(g))* 84.1 837 711  59.0™ 628 1364 58.2 43.9 -13.4 | -123.8
BDEwmp2(C1—MO) n.a. n.a. n.a. n.a. n.a. 279.6 394.6 3533 324.7 258.7

BDEM—O) 3335 256.1 2778 255 295.8
EAmp2(MO) 74.1 99.3 1125 | 1156 | 108.1 = 3455 258.5 226.3 207.2 228.6
EAMO) 40.1" 524" 39.0™ 42.8*%F 26.3°

AH’ mp2(MO™(2))°¢ 100 —15.6 —413  —407 —454 3677 -—4740 —4147 —4243 —490.1
AH' ' (MO(g))'¢ 440 313 321 162 364
AH' 22 (MO () 347 48 212 321 34
AH k> (MO™(g))* 331 480 221 334 49
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AH o, Mp2° 1427 | 182.1 1764 1875 189.1 @ —=59.7 @ 225 74.0 82.1

AH’rxn, 208" 1 227.6 | 259.7 2741 2642 @ 288.9
AH’ rxn, 208622 2183 | 276.4 263.1 280.1 @ 255.8
AH vxn, 022 214.7 | 272.8 259.5 2765 @ 252.2

AH’1,298x (CO2(g)) -393.5
AH’t, 0k (CO2(g)) -393.1
AH"t,298x (CO(g)) -110.5

AHiox (CO(g))  —113.8
BDE(CLy) 242.0
BDE(02) 498.0

* AH 't of the metal oxide without chloride
** CCSD(T)/def2-TZVPPD (this work)

¢ From ref 2

" From ref 3

{ From ref 4

i From ref 5

K From ref 6

! From ref 7

™ From ref 8

" From ref 9

° From ref 10

* AH ¢ vp2(M7(g)) = AH1, 208k (M(g)) — EAmp2(M)
1> AHt, 208 (M(g)) = AH', 208 (M(g)) — EA(M)

** AH’r,0x (M(g)) = AH’1, ox (M(g)) — EA(M)

ForM=Li-Cs:

¢ AH; mr2(MO™(g)) = AH't,208x (MO(g)) — EAmp2(MO)

For M = BeCl — BaCl:

¢ AH’ s mr2(MO™(g)) = AH" 1, 208x (MO(g)) + %2 BDE(Cl:) — BDEnp2(CI—MO) — EAnmp2(MO)

S2



1d AHO f, 298K1 (MO_(g)) = AH° f, 298K (MO(g)) - EA(MO)

24 AH1, ok 208> (MO™(g)) = AH', o208k (M(g)) + %2 BDE(Oz) — BDE(M—O) — EA(MO)

¢ AH txn, mp2 = [AH ¢, mp2 (MO™(g)) + AH1, 208 (CO(g))] — [AH g mp2 (M7(g)) + AH1, 2081 (CO2(g))]

Y AH  1xn, 208" = [AH 1, 208x (MO (g)) + AH1, 208k (CO(g))] — [AH", 208x (M(g)) + AH ¢, 208k (CO2(g))]

20 AH rxn, 0k1208K> = [AH s, 0x208x (MO7(g)) + AH 1, 0x (CO(g))] — [AH"t, 0k (M(g)) + AH"1, ok (CO2(g))]
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SI-B. Additional computational details
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Figure SI-1. Reaction energies (in kJ/mol) for the pseudopotential [MP2/def2-TZVPPD] and all-electron

[MP2/x2¢c-TZVPPall] treatments.

The pseudopotential [MP2/def2-TZVPPD] and the all-electron [MP2/x2c-TZVPPall]
treatments for the reduction of both one and two CO; to CO are compared in Figure SI-1, and
the corresponding numbers are presented in Table SI-1B. The all-electron treatment slightly
increases the endothermicity of the reactions for M = Li — K and M = BeCl — MgCl, while
decreasing it for the heavy elements M = Rb — Cs and M = SrCl — BaCl compared to the
pseudopotential treatment. We assume that this is due to the lower flexibility of the all-electron
basis set for the lighter elements, having fewer diffuse basis functions, whereas it is more
flexible for the heavier elements, which have moderately diffuse functions and accessible inner

shells. Notwithstanding, the periodic trends are qualitatively the same, with decreasing
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exothermicity when going down towards the middle of the groups, followed by an increase
towards the heavy elements. It is worth noting that this leads to the M~ + CO, — MO~ + CO
reaction for M = BaCl being exothermic with the all-electron treatment, whereas it is slightly

endothermic with the pseudopotential treatment.

Table SI-1B. Relative ZPVE-corrected [MP2/def2-TZVPPD] (def2) and [MP2/x2c-TZVPPall] (x2¢)

electronic energies in kJ/mol.

Li Na K Rb Cs BeCl MgCl CaCl SrCl BaCl

_ def2 0* 0* 0*  0* 0% 0 0 0 0 0
Mi+2C0O: e o 0* 0* 0* 0* 0 0 0 0 0
A+ CO, def2 —79% —30% —33% —33% 34% 247 -—102 103 73 -85
2 x2¢ —66 27 23 —40 56 -240 95 —87 —120 -131
def2 —68* —11* —9% —8* —14%* —248 -84 —96 —76 —82
IB+CO: e 54 1 1 —18 38 —241 -77 -84 —118 -141
def2 160 228 213 213 191 —181 66 86 104 41

-+
MO™+CO 50 214 258 254 193 181 —165 80 111 36 -79
MCO- .+ co def2 —I81 —48 20 14 41 -399 228 -239 216 -226

x2¢  -161 21 5 —-46 -97 -394 222 223 270 294

* from reference !

The calculations above and those described in the main text generally follow the frozen core
formalism introduced therein, that is C, O, Li, Be, Mg = [1s?]; Na = [1s?2s’]; Cl, Ca =
[1522522p%]; and K = [15?2s?2p®3s?]. For the heavier elements, Rb, Sr, Cs and Ba in the def2-
TZVPPD beasis set, all electrons not described by the pseudopotential are correlated, while the
frozen cores for these metals in x2c-TZVPPall are adjusted to Rb, Sr = [1522s?2p°®3s?3p®], and
for Cs, Ba = [1s?2522p®3s3p®4s?3d!%4p®]. Hence, to elucidate the errors associated with the use
of these limited correlation spaces, denoted FC, we computed the corresponding full-
correlation space energies for a subset of reactions, denoted Full. This was done for the x2c-

TZVPPall basis set due to its core-electron availability, enabling comparison between

S5



computations involving all electrons for the heavier elements, not solely those not described by

the pseudopotential.

Table SI-2B. Relative ZPVE-corrected [MP2=Full/x2¢c-TZVPPall] and [MP2=FC/x2c-TZVPPall]

electronic energies in kJ/mol, denoted Full and FC, respectively.

M +2CO, lflﬁl
1A + CO, FFlgl
Beco, FC

MO~ + CO FFuC“

MCOs +CO ¢

Li

0
0
—66
—66
—54
=55
214
216
—161
—160

Na

0
0
—27
—26
1
2
258
261
—21
-19

K

0
0
—23
—22
1
1
254
256

Rb

0
0
—40
—40
—-18
-19
193
195
—46
—47

Cs

0
0
—56
=57
—38
—40
181
179
—97
-99

BeCl MgCl CaCl SrCl
0 0 0
0 0 0
—240 95 —-87 —120
—240 93 —-86 —120
241 =77 -84 -118
—242 =75 -83  —120
—165 80 111 36
-163 84 114 35
-394 222 223 -270
—-393 219 222 270

BaCl

—131
—134
—141
—146
=79
—83
—294
—298

Finally, we compared MP2 with CCSD(T) and B3LYP (using the def2-TZVPPD basis

set) for a selection of reactions to elucidate trends across methods, Table SI-3B. The energies

are based on geometries optimized at each respective level of theory.

Table SI-3B. Relative ZPVE-corrected [MP2/def2-TZVPPD],

[B3LYP/def2-TZVPPD] and

[CCSD(T)=Full/def2-TZVPPD] optimized electronic energies in kJ/mol.

M +
2C0O,

1A +
CO;

1B +
CO;
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MP2
B3LYP
CCSD(T)
MP2
B3LYP
CCSD(T)
MP2
B3LYP

Li
0*
0
0
—79%
—87

—68%
=79

Na
O*
0
0
_39*
-15

_11*

n.e.

K
0*
0
0
—33%
-8

_9*

n.e.

Rb
0*
0
0
—33%
-1

_8*

n.e.

Cs BeCl
0* 0
0 0
0 0
—34* 247
-1 247
—14* 248
n.e. —248

MgCl

0
0
0
-102
—92

-84
=70

Ca(Cl

—103
-119

—111

SrCl  BaCl

0 0

0 0

0 0
=73 | &5
—88 | 77
-76 | —82
-83 | 77



CCSD(T)

MO .  MP2 160 228 213 213 191 -I81 66 8 104 41

co B3LYP 195 316 331 344 291 -167 111 84 118 77
CCSD(T) 201 263 233 262 233 -160 93 116 134 70

MCOs  MP2  —181 —48 —20 —14 —41 —399 -228 —239 —216 -226

+CO  B3LYP 183 -33 —-17 6  -30 -385 —-196 -238 —203 —199

* from reference !!

Table SI-4B. [MP2/x2c-TZVPPall] NBO partial charges on the reactants, intermediates and products

of the M™ + CO; — MO™ + CO reaction.

Li Na K Rb Cs BeCl MgCl CaCl SrCl BaCl
M -1.0/ -1.0 -1.0 -1.0 -1.0 0.0 0.0 0.0 0.0 0.0

M Cl na | na | na  na  na —-10 -10  -10 -1.0 -1.0
M 0.1 -02 -02 -02 -02 1.6 1.7 1.8 1.8 1.8
1A C 07 08 09 09 08 04 04 04 04 04

(0] -09 -08 -08 —-08 -08 -1.1 -1.1 -1.1 -1.1 -1.1

Cl na.  na | na na na —-08 -09 -10 -10 -1.0

M 00 -04 -04 -03 -03 1.5 1.5 1.6 1.6 1.7

C 08 1.0 1.0 09 09 0.3 0.3 0.3 0.3 0.2

1B O grigge —-1.0 -09 —-08 -09 -09 -1.1 -1.1 -1.1 -1.1 -1.1
O terminan 08 -0.7 -0.7 -0.7 -07 -08 —-08 -08 -0.8 -0.8

Cl na. na | na na na —08 -09 -09 -10 -1.0

M 08 03 03 04 06 1.6 1.7 1.7 1.7 1.5

MO~ (0] -1.8 -13 -13 -14 -16 -1.7 -18 -18 -1.7 -1.6
Cl n.a. na.  na na  na 08 -09 -1.0 -1.0 -1.0
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SI-C. Optimized [MP2/def2-TZVPPD] geometries for MCO2", MO~ and MCO3~

BeCl MgCl CacCl SrCl BaCl

Figure SI-2. [MP2/def2-TZVPPD] optimized MCO,~ geometries (1A on top, 1B below). The corresponding

alkali metal series is reported in reference 11.

Li Na K Rb Cs
J/gg Q/z“ “2 2.32 262
BeCl MgCl CaCl SrCI BaCl

1.39 1.80 1.99 2.04 2.08
1.93 2.29
269 2 89 3.09

Figure SI-3. [MP2/def2-TZVPPD] optimized MO~ geometries.
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Figure SI-4. [MP2/def2-TZVPPD] optimized MCO3~ geometries.
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